The contributions to this special issue of Mutagenesis have been selected to cover the main research areas served by the comet assay, namely genotoxicology, environmental toxicology, human biomonitoring and fundamental investigations into mechanisms of DNA damage and repair. Innovative methods are described, technical issues are explored, and guidelines are given for venturing into relatively new or unexploited areas of research. The popularity of the comet assay in a historical context is illustrated by a bibliometric survey.
Commentary
Over the past 30 years, the comet assay has proved its usefulness and versatility in human biomonitoring, ecogenotoxicology, genotoxicity testing and basic research into the mechanisms of DNA damage and repair. In this special issue, we present some novel applications and developments, highlight some areas in which the assay's potential has still to be fully realised, examine some unresolved practical issues, and give examples of application of the assay to studies of human and environmental health.
The comet assay, or single cell gel electrophoresis, evolved from studies of the structure of the nucleus carried out in the 1970s (1) . These showed that a eukaryotic DNA molecule is attached at intervals to a nuclear scaffold or matrix, so that it can be regarded as a series of loops, rather than a long linear molecule. If cell and nuclear membranes are dissolved with detergent, and histones stripped off the DNA with a high concentration of NaCl, the DNA and matrix remain as a nuclearlike structure, the nucleoid-and the DNA retains the supercoiling that it had when wound around the nucleosomes. If supercoiling is relaxed by a single or double strand break, the loop of DNA is free to move out into a 'halo' around the nucleoid core. In the comet assay, nucleoids are embedded in agarose and subjected to an electric field; damaged DNA is attracted to the anode, forming a 'comet tail', and a reasonable explanation of the appearance of this tail is that it consists of DNA loops which have relaxed supercoiling by virtue of a break (2) . The relative tail intensity (usually measured by fluorescence microscopy) increases with the dose of ionising radiation or chemical damaging agent, as the frequency of breaks increases. Not all DNA-damaging agents cause DNA breaks directly; alkylating and oxidising agents, and UV irradiation, cause base alterations that can be converted to breaks by incubation of the nucleoids with lesion-specific glycosylases/ endonucleases. Interstrand cross-links require a special approach; they can be assessed by their ability to impede migration of DNA treated with ionising radiation, for example. Bulky adducts remain resistant to straightforward comet assay analysis, as they do not directly break DNA, and are not susceptible to endonuclease action.
Although the emphasis in early comet assay articles was on measuring DNA damage, from the start it was recognised that cellular recovery from damage, i.e. DNA repair, could be monitored. Since then various approaches have been developed to measure repair of different lesions, at the whole genome level in whole cells, or using cell extracts in an in vitro assay system. Less common is the measurement of repair of specific DNA sequences, making use of fluorescent in situ hybridisation (FISH) with gene-specific probes. Spivak (3) describes a particular approach to the design of multiple oligonucleotide probes to the 3′ and 5′ regions of the target gene labelled with different fluorophores; breakage within the gene is detected as abnormally separated colour signals, and repair by restored proximity of the two colours. The multiple probes mean that no signal amplification with fluorescent antibodies is needed. Furthermore, probes are synthesised for both transcribed and non-transcribed strands.
While comet-FISH concentrates on detailed analysis of events in single cells, many users of the assay have the contrasting requirement of a rapid overview of DNA damage in a large number of samples, and for this, high throughput processing of samples and rapid, automated image analysis are essential. Ge et al. (4) have devised a 'CometChip', in which single cells or small groups of cells are deposited at defined locations in an array of micro-wells in agarose on GelBond film, with around 300 microwells at each position of a 96-well plate format.
Here they report dose-response experiments with H 2 O 2 and γ-rays to examine the reliability of this method, in terms of sensitivity and variability, and show that it compares favourably with the standard comet assay, while-combined with automated image analysis-giving a many-fold increase in throughput.
Whether the standard comet assay or a high throughput variant is used, there are common practical elements that should be carefully controlled, such as agarose concentration, alkaline unwinding time, and electrophoresis conditions. Enciso et al. (5) have investigated the effect of varying the period of lysis-a step that is normally regarded as non-critical, as long as a minimum period of 1 h is applied. Cells treated with H 2 O 2 or methylmethanesulphonate showed the same level of damage (% DNA in tail) whether they were lysed for 1 h or not at all; presumably the subsequent alkaline incubation achieves the removal of membranes, soluble cell constituents and histones. Beyond 1 h, there was an increase in revealed damage (up to at least 1 week). However, when lesion-specific endonuclease digestion is incorporated in the assay, of course prior lysis is essential to allow access of enzymes to DNA.
When many samples are collected at one time, and immediate processing is impossible, cells can be cryopreserved and assayed at a later date. Del Bo' et al. (6) compared damage in fresh and 1 yearfrozen peripheral blood mononuclear (PBMN) cells from a human intervention trial. Background levels of strand breaks and oxidised purines, detected with formamidopyrimidine DNA glycosylase (FPG) were significantly higher after freezing, while H 2 O 2 -induced damage was less pronounced compared with fresh cells. While the effect of the intervention (6 weeks of consuming a blueberry drink)-a decrease in FPG-sensitive sites-was seen in both fresh and frozen cells, the protection against H 2 O 2 -induced damage was no longer detected in the cryopreserved cells. This is an important issue for those using the comet assay in biomonitoring studies.
Practical issues are addressed also in the article by Pourrut et al. (7)-but relating to the measurement of DNA damage in plants, where lack of a standardised protocol and low yield of cells are serious limitations on the use of the comet assay. The presence of cellulose cell walls presents a problem, which is circumvented by physically slicing the plant tissue to release the nuclei. The yield is low, but can be increased by using a rapid chopping technique rather than slicing. Plants were exposed to a range of doses of H 2 O 2 or ethylmethanesulphonate (EMS); responses to EMS differed between leaves and roots and between species. Lysis is shown to be unnecessary, since nuclei are released physically (though it is not shown whether lesion-specific enzymes can operate on these nuclei without NaCl extraction). Filtration to remove cell debris reduces yield and induces DNA damage. Care must be taken to avoid exposure to actinic light. In addition, attention should be paid to the plant's growing stage, and to leaf position, since these can affect the response to damaging agents.
Plants were used in a novel way by Einset and Collins (8) to examine repair of X-ray-induced DNA breaks. As expected, rapid and slow phases of repair were present after exposure of whole Arabidopsis plants to 5 or 15 Gy; but after 2 Gy or less, in Arabidopsis or rye grass, a different pattern was seen, with apparently no rapid repair phase. When isolated nuclei were irradiated, higher levels of damage were seen than with whole plant irradiation: the implication is that significant repair occurs in whole plants in the time taken to isolate and embed nuclei, so that-after low dosesthe fast phase is simply over before observations begin. The slow phase in fact consists of a period of negligible repair up to about 2 h, followed by a rapid burst of repair, and this repair was not seen in homozygous Arabidopsis ATM and BRCA1 mutants-implying that the 'slow' phase represents repair by homologous recombination (HR) of double strand breaks. The lag in 'slow' phase repair presumably reflects the induction of expression of HR genes by the irradiation.
Regulatory bodies tend to lag behind the latest scientific developments, and this is certainly true of the comet assay, which is only now becoming recognised as a useful addition to the battery of genotoxicity tests-but only in the context of in vivo testing. Frötschl (9) gives an overview from the perspective of genotoxicity testing of pharmaceuticals, where the comet assay is recommended as a second in vivo test in rat liver (following a positive Ames test and a micronucleus assay in bone marrow). Unfortunately, while the in vitro comet assay is widely used to investigate genotoxic mechanisms (and with the use of lesion-specific endonucleases it can perform as a very sensitive diagnostic tool), it is not seen by regulators as having distinct advantages over other approaches to identify genotoxic chemicals.
Some of the most recent applications of the comet assay are in the assessment of genotoxic effects of nanomaterials. Silver nanoparticles (AgNPs) are among the most commonly encountered NPs in commercial and medical products; their ability to damage DNA and their involvement with cell signalling pathways were examined by Rinna et al. (10) They found that AgNPs caused production of reactive oxygen, and oxidation of DNA bases, in cultured human embryonic epithelial cells. The damage was transient, indicating that repair occurred. Transient activation of the mitogen-activated protein kinases ERK (extracellular signal-regulated kinase) and JNK (c-Jun N-terminal kinase) was also seen after AgNP exposure; and inhibition of ERK activation resulted in higher levels of damage, implying a role for ERK in the regulation of DNA repair.
Particulate matter in polluted air is recognised as being genotoxic and carcinogenic in humans. The particles vary, depending on source and atmospheric conditions, and so engineered nanomaterials (ENMs) have been used as standard reference materials. Møller et al. (11) review human, animal and cell culture studies in which the effects of air pollution particles or ENMs have been investigated using the comet assay. Human air pollution studies tend to show positive associations between exposure and DNA strand breaks, and also oxidised bases. There are marked differences between countries, which presumably at least in part reflect real differences in ambient exposure (rather than variations in the way the assay is performed). Genotoxic effects are also seen with air pollution particles in cell culture. ENMs such as carbon black and multi-walled carbon nanotubes cause DNA breaks and oxidised bases in cultured cells, while results with TiO 2 have been inconsistent. It is clear that DNA damage is often mediated via reactive oxygen species.
Using the comet assay to study effects of ENMs is also the topic of Huk et al., (12) who emphasise the need for standard procedures and quality controls. Full physicochemical characterisation of ENMs in the test medium is essential, as their effects depend greatly on size and surface properties of the particles. Cytotoxicity tests should be carried out, so that genotoxic effects can be tested at ENM concentrations that do not kill cells. Treatment should be long enough for ENMs to enter cells-and uptake into cells should be monitored by electron microscopy. Negative and positive controls should be included in experiments, and solvent vehicles and coating materials tested for possible effects in the assay. Concentrations of ENMs can be expressed in different ways-as mass per cell, number of particles per cell, or surface area of particles per cell (or per ml, or per cm 2 of cultured cells). Concentration per cell seems to be most generally useful.
Applications of the comet assay to environmental monitoring were once rather rare, but are now increasing in frequency.
Experimental exposure of, e.g. fish or molluscs to marine toxicants followed by the comet assay can give useful dose-response information-but applying the methods and extrapolating findings to the complexity of an actual polluted environment is a challenge. Standard protocols that were developed for cell culture experiments need to be modified. A specific problem is the tendency of wild organisms to adapt to continuous exposure to environmental stressors. Martins and Costa (13) describe these difficulties, review the literature based on work with a wide range of organisms, compare the comet assay with other genotoxicity tests, emphasise the need for specific guidelines and standardised methods for use in environmental risk assessment and stress the importance of parallel cytotoxicity testing. They conclude by recommending the adoption of high-throughput comet assay approaches.
Mustafa et al. (14) address a particular, common environmental stress-hypoxia-in a laboratory-based study of carp. While fish have mechanisms that allow them to cope with oxygen depletion, they can suffer damage during reoxygenation (recovery). After 21 days of hypoxia and also after 7 days of recovery, there were histopathological changes in gills, increased damage to DNA of (nucleated) erythrocytes detected with the comet assay, and increased lipid peroxidation in the liver. Transcription of two genes involved in DNA repair-OGG1 and XRCC1-was enhanced by hypoxia and expression remained high during the recovery period.
The approach followed by Amaeze et al., (15) in an ambitious study of pollution in Lagos lagoon, Nigeria, was to expose cultured fish gill cells to extracts of sediment samples from 11 sites, and to apply assays for cytotoxicity, DNA strand breaks, oxidised bases and endocrine disruptors. Chemical analyses of the extracts were performed. DNA damage was the most sensitive endpoint, and showed elevated (and varied) levels at all sites. Relationships between these endpoints and concentrations of polycyclic aromatic hydrocarbons [(PAH), the dominant contaminant] in the sediments were not consistent. Site descriptions assessing likely contamination on the basis of proximity to industrial effluent, etc., were not well related to PAH levels, probably because of additional petrogenic sources of pollution and complex hydrology. The authors suggest that bioassays could be a viable alternative to detailed chemical analysis of pollutants.
The comet assay lends itself to human biomonitoring, and we have three such studies in the special issue. Effects of green tea were studied by Choi et al. (16) in a placebo-controlled crossover trial. Lower levels of DNA strand breaks and oxidised purines were seen after 12 weeks of tea intervention in type 2 diabetes patients. Activities of two enzymes, OGG1 (the glycosylase that removes 8-oxoguanine from DNA-measured with a comet-based in vitro assay) and [haem oxygenase-1 (HMOX-1), which protects against oxidative stress] were increased by the intervention-though no changes in gene expression were seen. A microsatellite polymorphism in the HMOX-1 promoter region influenced baseline HMOX-1 protein and OGG1 activities.
A 4-week parallel trial was conducted by Ibero-Baraibar et al. (17) with overweight or obese subjects to see whether cocoa extract, integrated in ready-to-eat meals, would protect against effects of oxidative stress-thought to result from nutrient excess. DNA strand breaks, endogenous base oxidation (FPG-sensitive sites) and resistance to H 2 O 2 -induced DNA breakage were measured in PBMN cells; none of the three biomarkers was affected by the cocoa supplementation. However, in the supplemented group, oxidised bases correlated negatively with levels of cocoa metabolites in the plasma, implying that an underlying protective effect was present. Also, the imposed energy restriction appeared to lead to a slight decrease in base oxidation.
Franzke et al. (18) examined the effect of progressive resistance training (RT) or resistance training together with protein and vitamin supplementation (RTS), or cognitive training (CT), on institutionalised women and men aged 65-98. DNA damage (strand breaks) increased significantly after 3 months, in RT and RTS groups, while H 2 O 2 resistance increased in RT and CT groups. The improvement in the CT group was unexpected, and might be accounted for by increased socialising as a result of participation in the trial.
Finally, we have a bibliometric study of the comet assay by Neri et al., (19) giving a picture of the cumulative increase in comet assay publications since 1990, and a detailed breakdown by country. The shifts over time are described, with several-fold increases seen in the past few years in articles from China, India and Brazil, and a flattening off of articles from traditionally strong countries such as the USA, Germany, Italy and UK. The role of the comet assay as a public health resource, especially in developing countries, is identified as an important trend. While the journal publishing most comet assay articles is Mutation Research, Mutagenesis-with its smaller number of articles-must surely boast the highest density of comets.
